Introduction {#Sec00161}
============

Vitamin D is a secosteroid hormone that is synthesized in humans upon solar UVB (290--315 nm) mediated conversion of endogenous skin 7-dehydrocholesterol to cholecalciferol (vitamin D3) (MacLaughlin *et al.*, [@CR001657]), and is also derived from food and dietary supplements. During the winter when adequate sunlight is limited for synthesis, there is greater dependency on dietary intake and thus the term 'vitamin' meaning essential nutrient was applied to this sunshine-derived hormone. Since vitamin D occurs naturally in a limited number of foods, fortified foods such as milk and milk products, margarines, and breakfast cereals constitute the major dietary sources of the two forms of vitamin D, cholecalciferol or ergocalciferol (vitamin D2) in the US and Canada (Calvo *et al.*, [@CR001614]). After absorption or synthesis, vitamin D2 or D3 is transported by vitamin D binding protein to the liver where the enzyme 25-hydroxylase converts it to 25(OH)D. This intermediary metabolite circulates and delivers the precursor to the active or hormonal form of vitamin D to different tissues. In this capacity, plasma 25(OH)D serves as the main status indicator for vitamin D. The mitochondrial enzyme, 1α-hydroxylase converts 25(OH)D to the active form of vitamin D, 1,25(OH)~2~D (Holick, [@CR001639]). Renal tissues are thought to be the major source of circulating levels of 1,25(OH)~2~D, but most extra-renal tissues including the immune and airway epithelial cells constitutively or upon activation express 1α-hydroxylase and can produce 1,25(OH)~2~D (Hansdottir and Monick, [@CR001634]).

Vitamin D has pleiotropic functions, and is involved in the regulation of approximately 1000 human genes (Tavera-Mendoza and White, [@CR001673]), including genes associated with immune responses and lung development. While its classical role in bone mineralization is well documented, the interplay of non-rachitic vitamin D status to *in utero* and post-natal health outcomes such as susceptibility to early-life respiratory infections continues to evolve. In this chapter, we review the current public health concern about vitamin D status in infants and toddlers in North America, the dietary guidelines and Federal regulations governing the level of vitamin D in foods and supplements during pregnancy and early childhood, and examine the evidence for association between poor vitamin D status and risk of respiratory infections in infants and toddlers.

Vitamin D status and dietary guidelines during pregnancy and early childhood {#Sec00162}
============================================================================

Plasma 25(OH)D is considered the best biomarker for vitamin D status as it is relatively stable and reflects contributions from all sources of vitamin D (diet and endogenous synthesis). The IOM, an independent non-governmental body, recently defined adequate vitamin D status as having serum 25(OH)D concentrations greater than 50 nmol/l (or 20 ng/ml; 1 ng/ml = 2.5 nmol 25(OH)D/l) in both the general population and pregnant women, and concentrations between 30--49 nmol/l (or 12--20 ng/ml) or \<30 nmol/l (or \<12 ng/ml) were considered to be inadequate or deficient respectively (IOM, [@CR00163]). The IOM cutoff levels defining adequate, insufficient and deficient plasma vitamin D status are specific to bone health and do not consider other systems that are affected by circulating levels of 25(OH)D such as the immune system and respiratory health (IOM, [@CR00163]). Although serum 25(OH)D levels of at least 25 nmol/l prevents rickets, it has been proposed by some investigators that concentrations around 80 nmol/l (32 ng/ml) are optimal, since these levels lead to the greatest calcium absorption and the highest bone mass (Bischoff-Ferrari *et al.*, [@CR00164]; Dawson-Hughes, [@CR001622]) and are associated with better health outcomes involving non-skeletal tissue (Hollis, [@CR001640]).

An accurate determination of the overall dietary requirements for maintaining vitamin D adequacy is impossible because of substantial variation in skin synthesis due to season, location, age, duration of exposure, pollution, skin pigmentation and exposed area, and use of sun screen. Consequently, assuming minimal sun exposure and after thorough review of literature on skeletal health, the IOM established a RDA of 600 IU (15 μg; 1 μg = 40 IU vitamin D2 or D3) vitamin D for pregnant and lactating women and toddlers. With insufficient evidence to develop an RDA in infants, an adequate intake of 400 IU (10 μg) was proposed to ensure vitamin D nutritional adequacy in this population. The IOM derives the RDA from an EAR, which was determined for vitamin D for the first time in 2011. From a public health perspective the EAR (400 IU or 10 μg/d for individuals \>1 year) is used to evaluate the nutrient intake adequacy of a population at the 50^th^ percentile (median) level of intake for all age groups (Whiting and Calvo, [@CR001679]). There appears to be global variation in recommended vitamin D intake guidelines for pregnant women, infants and toddlers (Table [16.1](#Tab00161){ref-type="table"}). This variation could be a result of differences due to season, demographics of light versus dark skinned individuals, national supplementation and fortification policies, and more importantly skepticism associated with non-skeletal health benefits from basic science experiments and observational studies as compared to randomized clinical trials. Table 16.1Examples of global recommendations for dietary vitamin D intake (IU/d) (FAO/WHO, [@CR001632]; Holick *et al.*, [@CR001615]; IOM, [@CR001672], [@CR001616]; Vidailhet *et al.*, [@CR001618]).YearCountry3 months^1^9 months^1^5 yearsPregnancy^2^1991United Kingdom340280−^3^−^3^1996Italy4007002002001997IOM (United States/Canada)2002002002002001France800-1000800-10002002002001World Health Organization (WHO)2002002002002004Nordic countries4004003003002004Germany/Austria/Switzerland4004002002002005Australia and New Zealand2002002002002011IOM (United States/Canada)4004006006002011The Endocrine Society -- United States400-1000400-1000600-10001,500-2,0002012France1000-1,2001000-1,2002 doses^4^ of 80,000- or 100,000-IU in winter -- Nov & Feb1 dose^4^ of 80,000- or 100,000-IU @ start of 3^rd^ trimester^1^ Breastfed infants.^2^ Below 50 yrs of age.^3^ 400 IU/d in cases of insufficient UVB exposure.^4^ Bolus dose.

Maternal status of vitamin D levels {#Sec00163}
-----------------------------------

Maternal vitamin D deficiency during pregnancy is global and widely prevalent, and can be attributed to inadequate vitamin D intake and restricted sunlight exposure during winter months compared to summer months, northern latitudes, and higher melanin levels in dark-skinned or veiled women. Based on a National Human Activity Pattern Survey it has been estimated from the outdoor-sunlight data that US women including those of child-bearing age (22--40 years) get lower annual UVB doses than males because they spend less time outdoors (Godar, [@CR001630]; Godar *et al.*, 2001). In the US, 29 % of African-American pregnant women and 5 % of Caucasian pregnant women residing in the northern latitudes are vitamin D deficient (defined as serum 25(OH)D less than 37.5 nmol/l); whereas 54 % of African-American participants and 47 % of Caucasian participants are vitamin D insufficient (defined as serum 25(OH)D 37.5-80 nmol/l) (Bodnar *et al.*, [@CR00165]). Moreover, 18 % of pregnant women in the United Kingdom, 25 % in the United Arab Emirates, 80 % in Iran, 42 % in northern India, 61 % in New Zealand and 60-84 % of pregnant non-Western women in the Netherlands have been shown to have serum 25(OH)D concentrations \<25 nmol/l (Dawodu and Wagner, [@CR001621]). Thus, there is concern that *in utero* vitamin D deficits could lead to developmental re-programming of body functions and long-term morbidity in infants, children and adults.

Cumulative intake data from the nationally representative NHANES survey conducted from 2007--[@CR001635] show that US women of childbearing age have significantly lower (*P* \< 0.01) vitamin D intakes than their age-matched male counterparts (Figure [16.1](#Fig00161){ref-type="fig"}) (USDA, [@CR001675]). A comprehensive assessment of 25(OH)D serum data from participants in NHANES [@CR001649]--[@CR001617], one year of age and over, after adjusting for age and season, showed that males are less likely to be at risk of deficiency (\<30 nmol/l) than females (Figure [16.2](#Fig00162){ref-type="fig"}) and the prevalence of those at risk of inadequacy (30--49 nmol/l) did not differ by sex. However, in the 2001--[@CR001624] NHANES cohort, among women of childbearing age, those who were pregnant or lactating were less likely to be at risk of deficiency compared to women who were not pregnant or lactating (Figure [16.2](#Fig00162){ref-type="fig"}) and no differences in prevalence of vitamin D inadequacy were observed between the two groups (Looker *et al.*, [@CR00167]). These prevalence data reflect 24 hr recall levels of vitamin D intake, which suggests that pregnant and lactating women in general in the US are in compliance with the current dietary guidelines for maintaining vitamin D status or have adequate sun exposure. A rigorous analysis of current NHANES data is needed to determine the association of vitamin D status with sun exposure and total 'usual' dietary intake for individual race/ethnicities, since smaller cross-sectional studies have shown association of maternal deficiency, race (African-American), winter birth, and a BMI of ≥35 as risk factors for newborn vitamin D deficiency. Figure 16.1Vitamin D intake in the United States (NHANES, [@CR001675]--[@CR001633]). Mean vitamin D intake (±SE) from food per individual, by gender and age of participants in the 2007--[@CR001645] NHANES survey of US population.^a^ Estimated average requirement (EAR) for vitamin D intake established in 2011 (IOM, [@CR00163]). The differences in vitamin D intake between males and females were significant across all age groups (*P* \< 0.01) (USDA, [@CR001675]). Figure 16.2Prevalence of vitamin D deficiency in the United States (NHANES, [@CR001649]--2006).Age- and season-adjusted prevalence of risk for vitamin D deficiency (\<30 nmol/l) among men and women, and among women of childbearing age who were pregnant or lactating (Yes) or not (No) among participants of the 2001--2006 NHANES survey. \* Indicates significant difference between males and females and between women's pregnancy/lactation status at *P* \< 0.05. Figure modified from Looker *et al.* ([@CR001652]).

Vitamin D status in infants {#Sec00164}
---------------------------

During pregnancy the fetus is wholly dependent on the mother for vitamin D, and 25(OH)D readily crosses the placenta such that cord blood 25(OH)D levels are between 80 % and 100 % of maternal concentrations (Fleischman *et al.*, [@CR001626]; Gertner *et al.*, [@CR001629]; Hillman and Haddad, [@CR001638]). There is a strong correlation between maternal and newborn 25(OH)D circulating levels as the half-life of 25(OH)D is approximately 2 to 3 weeks, and a low maternal status often results in the infant being deficient in vitamin D during the first weeks post-partum (Hollis and Wagner, [@CR001642]; Yu *et al.*, [@CR001646]). Because vitamin D secretion in breast milk is limited (Kovacs, [@CR001648]), lactating women require robust serum 25(OH)D levels to support vitamin D status in nursing infants (Hollis and Wagner, [@CR001643]). The World Health Organization recommends supplementation with 400-IU daily vitamin D to all pregnant women; however, because of lack of awareness and poor compliance, 46 % of newborns in industrialized countries are born with insufficient serum levels of 25(OH)D (Belderbos *et al.*, [@CR001655]).

More recently Balk and the Council on Environmental Health and Section on Dermatology recommended that children younger than 1-year of age avoid direct sunlight and also use sunscreen (Balk, [@CR00168]). Furthermore, for reasons that are not entirely clear, data suggest that the relationship between vitamin D intake and serum 25(OH)D levels is non-linear (Hypponen *et al.*, [@CR001647]), and current guideline levels for vitamin D supplementation (200--600 IU/d) are unlikely to achieve optimal serum 25(OH)D levels (IOM, [@CR00163]). In a study of 40 mother-infant pairs, 76 % of mothers and 81 % of newborns had a 25(OH)D level below 50 nmol/l at the time of birth, despite the fact that during pregnancy the mothers ingested about 600 IU/d of vitamin D from a prenatal supplement and consumed two glasses of milk (Lee *et al.*, [@CR001650]). Thus, it is understandable that infants who are fed only human breast milk are prone to developing vitamin D deficiency leading to a Federal mandate both in the United States and Canada to fortify infant formula with vitamin D at 40--100 IU/kcal and 40--80 IU/kcal, respectively. The effectiveness of infant formula fortification was evident in a cross-sectional study of 247 healthy infants in a primary care setting in Boston as breastfeeding without supplementation markedly increased the odds of vitamin D deficiency compared with infants who were exclusively formula (bottle)-fed (Gordon *et al.*, 2008). Interestingly, although maternal supplementation of 200-IU/d vitamin D was available to all nursing mothers, there may be barriers to obtaining the supplement or lack of awareness of the need to supplement, which resulted in poor compliance. Thus, with emerging data on insufficiency in vitamin D levels with the IOM 1997 recommendation of 200 IU/d, the revised recommendation is now set at 600 IU/d for infants in the United States and Canada (IOM, [@CR00163]).

Vitamin D status in toddlers {#Sec00165}
----------------------------

Most American children may not be going outside enough to meet their vitamin D3 needs from sun exposure (Godar *et al.*, [@CR001631]). Recent estimates from everyday outdoor exposure suggest that children (≤5 years) in the northern (45°N) (Figure [16.3a](#Fig00163){ref-type="fig"}) and southern (35°N) (Figure [16.3b](#Fig00163){ref-type="fig"}) United States with Fitzpatrick Type II skin (Caucasian) (Fitzpatrick, [@CR001625]) can have adequate skin synthesis of vitamin D3 during the summer and children living in the south during the spring as well but only if they do not wear sunscreen at all except during beach vacations. Children with Fitzpatrick Type III and IV skin (olive tone-Hispanic/Asian or brown tone-Indian, respectively) can only synthesize the suggested minimum daily recommendation during the summer months, while those with the darkest pigmentation (skin type V and higher, usually African-Americans) never make the suggested minimum amount of vitamin D3 from sun exposure (Godar *et al.*, [@CR001644]). These vitamin D3 estimates from solar exposures assume certain skin types, liberal clothing scenarios during each season and that sunscreens are not worn except during beach vacations. These could be overestimates for infants and toddlers since mothers tend to be overly protective of their children to avoid skin cancer later in life or could be a result of children spending more time indoors watching television. Despite the fact that younger children are spending more time indoor, children in the younger age group (≤5 years) have more cutaneous vitamin D synthesis than those in the older age groups (Godar, [@CR001630]). Figure 16.3Estimated cutaneous synthesis of vitamin D3 in toddlers according to skin type and season. Average estimated vitamin D3 produced in toddlers (≤5 years of age) from everyday outdoor UV exposures without the use of sunscreens in (a) the northern (45°N) or (b) southern (35°N) United States according to skin type and season. Skin types represent Fitzpatrick skin types II (Caucasian), III (olive skin tone, Hispanic or Asian), IV (brown skin tone, e.g. Indian) and V (light to moderate-skinned African American) (Fitzpatrick, [@CR001625]).

With children falling short of the daily needed levels of vitamin D3 from sunshine exposure especially in the winter months, fortified foods are key to maintain adequate vitamin D status in toddlers, and increasingly, the manufacturers of foods targeted to toddlers are recognizing the need to fortify with vitamin D. Levels of vitamin D fortification range from 1 μg (40 IU) per regulatory serving for ready-to-eat cereals to 2.5 μg for fluid milk servings (Calvo and Whiting, [@CR001613]). It is evident from reviewing the vitamin D content of the 'baby foods' listed in the recent USDA database, Standard Release-24 for nutrient composition of foods that there is a need for newer fortified baby foods. A review of 223 foods showed vitamin D contents ranged from 0 to 0.8 μg vitamin D per 100 g, and approximately 90 % had no listed vitamin D content. With the availability of limited fortified baby foods, in a population study of 750 healthy children aged 6--36 months, the mean overall vitamin D intake from food plus supplements was 290 ± 124 IU/d in 6--12 month age group and 240 ± 128 IU/d in 1--3 years age group (Figure [16.4](#Fig00164){ref-type="fig"}), and group corresponding serum 25(OH)D levels decreased with age. A quite concerning trend in this cohort was that children discontinued breastfeeding by 5 months of age and most children (84 %) were no longer formula-fed at 5 months (Carpenter *et al.*, [@CR001660]). Thus, with the IOM recommended adequate intake of 400 IU/d for infants and 600 IU/d for toddlers approximately 82 % of infants and 2 % of toddlers met the age-specific dietary intake recommendation. These findings suggest that vitamin D-fortified infant formulas provide a positive effect on vitamin D levels and similar supplementary practices are likely to be effective in increasing 25(OH)D status in young children (Carpenter *et al.*, 2012). The mean intake data for toddlers (2--5 years age) from the NHANES [@CR001651]--[@CR001645] cohort shows a significant difference in vitamin D intake among the racial and ethnic groups with Non-Hispanic blacks consuming less than Non-Hispanic whites, who consume less than Mexican Americans (Figure [16.5](#Fig00165){ref-type="fig"}) (USDA, [@CR001675]). Correspondingly, the prevalence of vitamin D insufficiency and deficiency in children (1--5 years) during the 2001--2004 NHANES was highest among Non-Hispanic blacks followed by Mexican Americans and Non-Hispanic whites (Figure [16.6](#Fig00166){ref-type="fig"}) (Kumar *et al.*, [@CR001653]). Figure 16.4Effect of lack of vitamin D-fortified foods on the daily dietary intake in a cohort of healthy infants and toddlers. Vitamin D daily dietary intake (±SD) in 6--12 months (n = 131) and 13--36 months old (n = 645) healthy children. Significant age differences in vitamin D intake, *P* \< 0.001. Figure drawn from Carpenter *et al.* (2012). Figure 16.5Vitamin D intake among toddlers in the United States, NHANES, [@CR001675]--[@CR001681]. Mean intake (±SE) of vitamin D (D2 + D3) from NHANES 2007--2008 for toddlers 2--5 years, presented by race and ethnic group. ^a^ EAR for vitamin D intake established in [@CR001623] (IOM, [@CR00163]). NH: Non-Hispanic. \* Indicates significant difference in vitamin D intake between NH Black and Mexican Americans, *P* \< 0.01. Figure drawn with data from USDA ([@CR001636]). Figure 16.6Prevalence of vitamin D deficiency among toddlers in the United States, NHANES, 2001--2004. Prevalence of vitamin D insufficiency (defined as serum 25(OH)D levels 37--72.5 nmol/l) and deficiency (defined as serum 25(OH)D levels \<37 nmol/l) among toddlers and children (1--6 years of age) in NHANES [@CR001649]--2004. NH: Non-Hispanic. ^a^ Values differ from IOM ([@CR001641]). Figure redrawn from Kumar *et al.* ([@CR001649]).

There is clear evidence for global and widespread vitamin D deficiency or insufficiency due to various risk factors including lack of sunlight exposure, seasonal variation, suboptimal dietary intake, and dark skin pigmentation. More importantly, we have shown the greatest barriers to adequate vitamin D from sun exposure or diet occur in individuals with the poorest vitamin D status. How this widespread deficiency relates to the risk of respiratory tract infections in infants and toddlers is less clear and merits further study.

Fetal and postnatal outcomes associated with vitamin D status {#Sec00166}
=============================================================

The fetal origins hypothesis, first articulated by David Barker, postulates that *in utero* epigenetic fetal programming, as a result of environmental events during pregnancy, induces specific genes and genomic pathways that control fetal development and subsequent disease risk (Barker *et al.*, [@CR00169]). The biological effects of active vitamin D are achieved through the regulation of gene expression in a cell and tissue specific manner. Briefly, active vitamin D binds to the vitamin D nuclear receptor, and initiates dimerization with the retinoic X receptor. This active complex binds to the nuclear vitamin D responsive elements within the promoter regions of vitamin D-specific responsive genes and initiates gene expression (MacDonald *et al.*, [@CR001656]). The developmental periods of *in utero* and infancy represent critical periods of dynamic development and maturation of key processes. Therefore, in the following sections, we focus on the role of vitamin D in modulating lung structure and innate immune functions, a primer for susceptibility to viral respiratory tract infections during infancy and early childhood (Figure [16.7](#Fig00167){ref-type="fig"}). Figure 16.7Role of nutrition and sunshine in maintaining vitamin D adequacy and reducing incidence of respiratory tract infections in postnatal life.

Lung development {#Sec00167}
----------------

Lung development occurs predominantly before birth (Stick, [@CR001671]) with extensive interactions between epithelial and mesenchymal tissue beginning by the fourth week of gestation and continuing for years after birth, and factors that impair fetal and early childhood lung development have the potential to exert major effects on lung function during childhood and adulthood. Despite differences in the epithelial growth and differentiation during lung development in rodents and humans, rodent models are widely used for lung developmental studies. Rodent models act as a bridge between studies in the laboratory and studies in humans, and have been used to study pulmonary infections (Balan *et al.*, [@CR001610]). In rodents, it has been demonstrated that vitamin D modulates key alveolar epithelial-mesenchymal interactions, such as type II pneumocyte and lipofibroblast proliferation and differentiation which are critical for alveolar development and septal thinning during perinatal pulmonary maturation (Sakurai *et al.*, [@CR001668]). Vitamin D-deficient rodent models provide mechanistic evidence for a causal link between vitamin D deficiency and deficits in lung function and altered lung structure. Specifically, offspring of vitamin D-deficient mice showed no effect on the overall somatic growth, had marginal reduced numbers of alveoli, and exhibited physiologically significant decreases in lung volume and altered lung mechanics when compared with offspring of vitamin D-replete mice (Zosky *et al.*, [@CR001683]). This mouse study complements data showing decreased lung compliance in 50-d-old rats born to vitamin D-deficient mothers (Gaultier *et al.*, [@CR001627]), confirming the relationship between vitamin D deficiency and lung function. In addition, as vitamin D deficiency has the potential for premature births in humans (Dawodu and Nath, [@CR001620]), studies have shown that prematurity leads to diminished lung function and may predispose premature infants to severe viral lower respiratory tract infections in infancy (Drysdale *et al.*, [@CR001677]).

Active vitamin D synthesis has been shown in rodent fetal lung fibroblasts, whereas adjacent alveolar type II pneumocytes express vitamin D receptors and respond to the hormone by undergoing differentiation and maturation resulting in decreased cell glycogen content, and increased surfactant synthesis and secretion (Nguyen *et al.*, [@CR001663], [@CR001678]). Surfactant proteins were initially identified as a lipoprotein complex that reduced surface tension at the air-liquid interface of the lung, but recent studies have identified surfactant proteins as components of the lung innate and adaptive immune system with novel roles in the direct killing of inhaled microorganisms and viruses, and control of pulmonary inflammation (Wright, [@CR001680]). The vitamin D-mediated rodent type II pneumocyte maturation data looks intriguing but the relevance to humans is uncertain. Regulation of surfactant protein gene expression in human fetal type II pneumocytes by active vitamin D is not coordinated as it is in rodents, but vitamin D receptor immuno-staining is observed in human fetal fibroblasts and type II pneumocytes (Phokela *et al.*, [@CR001664]; Stio *et al.*, [@CR001661]).

Thus, there is evidence for *in utero* vitamin D deficiency and association with altered epithelial-mesenchymal maturation, lung mechanics, and immunoregulatory surfactant production. While the association between surfactants in providing innate immunity against respiratory viral infections is conceivable, the role of altered pulmonary function with vitamin D deficiency could also indicate an association with asthma, a chronic inflammatory condition that is described in detail in a separate chapter.

Vitamin D and innate immune protection {#Sec00168}
--------------------------------------

The fetus and neonate face a complex set of immunologic demands, and vitamin D has been shown to have an important role in the innate immune system, which helps to prevent infection without the need for immunologic memory from previous exposure to the pathogen (Adams and Hewison, [@CR00161]). Innate immunity includes the production of antimicrobial peptides such as Beta-defensins and CAMP by epithelial cells and circulating leukocytes, which are capable of killing a variety of respiratory pathogens including viruses, bacteria, and fungi (Hiemstra, [@CR001637]). In early gestation, human decidual cells have been shown to synthesize active vitamin D, which may exert autocrine or paracrine effects on the developing fetal immune system. Vitamin D mediates expression of mRNA for CAMP in decidual cells (Evans *et al.*, [@CR001611]), and has been linked to intrauterine immunity (Singh *et al.*, [@CR001669]). Human monocytes in an *in vitro* model, when supplemented with 25(OH)D-deficient cord blood plasma showed a significant decrease in CAMP expression, thus correlating with increased susceptibility to newborn infections (Walker *et al.*, 2011).

In postnatal life, respiratory epithelial cells provide a barrier between the outside environment and internal parenchyma, and are primary targets of respiratory pathogens. The respiratory epithelial cells constitutively activate vitamin D, and are capable of creating a microenvironment that has high levels of active form of the vitamin, resulting in the activation of downstream genes such as those for CAMP. Moreover, viral RNA increases the expression of 1α-hydroxylase, leading to increased activation of vitamin D and further increases in CAMP mRNA (Hansdottir *et al.*, 2008). Hansdottir and colleagues ([@CR001676]) have shown in an *in vitro* human tracheo-bronchial epithelial cell model for respiratory syncytial virus infection, that vitamin D attenuates inflammatory cytokine and chemokine response, while maintaining the antiviral activity. This local vitamin D-mediated anti-viral, anti-inflammatory immune response could result in decreased disease severity and morbidity from this common infection (Hansdottir *et al.*, 2010). Thus, vitamin insufficiency and notably, a seasonal decrease of vitamin D-dependent epithelial and leukocyte innate host defense could contribute to increased susceptibility to respiratory infections during winter. A prospective descriptive study of outcomes associated with vitamin D deficiency and pneumonia reported 25(OH)D deficiency associated with increased mortality but not associated with levels of cathelicidin or Beta-defensin (Leow *et al.*, 2011). Clinical trials are underway to assess CAMP expression as a biomarker for fetal-neonatal immune function following antenatal vitamin D supplementation (ClinicalTrials.gov identifier: NCT01126528) and in a separate trial for Intensive Care Unit-associated lung failure, CAMP and Beta-defensin concentrations will be evaluated as a secondary outcome following high-dose vitamin D regimen (ClinicalTrials.gov identifier: NCT01372995).

While we limit our review to the role of innate immune antiviral functions to respiratory infections, vitamin D status has been associated with other prenatal and postnatal immunomodulatory effects, such as promoting peripheral tolerance by rendering antigen presenting dendritic cells tolerogenic and development of T-regulatory cells. Dendritic and T-regulatory cells serve as pivotal links between innate and adaptive immunity, and play a key role in the protection against the inflammatory sequela of airway infections and in the protection against induction and expression of atopic disease (Chambers and Hawrylowicz, [@CR001619]; Holt *et al.*, 2008).

Evidence for vitamin D status and risk of respiratory infections & childhood wheezing {#Sec00169}
=====================================================================================

There is an association of wintertime peaks in respiratory infections especially in the higher latitudes to vitamin D status as the cutaneous synthesis of vitamin D is naturally blunted during that time of the year (Cannell *et al.*, 2006). Respiratory tract infections in the neonatal and pediatric populations are normally viral in origin with accompanying wheezing, pneumonia or bronchiolitis. The infections can be classified into URTIs and LRTIs with the URTI a primary site of contact for inhaled agents, and LRTIs as infections of the intra-thoracic airways and/or lung parenchyma with severe cases leading to bronchiolitis and pneumonia. The main etiological agents include human rhinovirus, RSV, human coronavirus, adenovirus, parainfluenza virus and influenza virus. Cases of bronchiolitis associated with human rhinovirus (46-49 %), RSV (11-27 %), and parainfluenza viruses (5-13 %) account for most of the outpatient sampling in infants with URTIs and LRTIs (Camargo *et al.*, 2011a). Viral infections including rhinovirus and RSV could lead to bronchiolitis and early episodic wheezing in infants (Gern and Busse, [@CR001628]), symptoms which are commonly associated with the likelihood of developing reactive airway disease or asthma in early childhood (Asher *et al.*, 2006; Litonjua, [@CR001654]; Wu *et al.*, 2008). Large cohort studies, however have demonstrated that many children who wheeze in early childhood during acute respiratory infections do not go on to develop asthma (Camargo *et al.*, 2011b; Martinez *et al.*, [@CR001658]; Stein and Martinez, [@CR001670]). In addition, accumulating evidence implicates a background of atopy as a leading cause of asthma associated with airway inflammation from respiratory infections (Holt *et al.*, 2012). Nevertheless, asthma is a heterogeneous disease and since clinical diagnosis of asthma in children remains a challenge, epidemiological studies of children often focus on childhood wheezing; and in this chapter, we present selected epidemiological studies on vitamin D deficiency in children and associated respiratory infections and wheezing but not related to asthmatic conditions.

Observational prospective serum 25(OH)D birth cohort studies {#Sec001610}
------------------------------------------------------------

Circulating 25(OH)D level provides a distinct advantage to assess vitamin D status than self-reported dietary intake, and cord-blood 25(OH)D concentration is strongly associated with maternal concentration during pregnancy. In a birth cohort study of 922 children cord-blood levels of 25(OH)D had inverse associations with the risk of respiratory infection by three months of age (OR: 1.00 for ≥75 nmol/l, 1.39 for 25--74 nmol/l, and 2.16 for \<25 nmol/l). Likewise, cord-blood 25(OH)D levels were inversely associated with risk of wheezing by 15 months, 3 years, and 5 years of age (all *P* \< 0.05) and no association to incident asthma by the age of 5 years. Additional adjustment for potential confounders including seasons of birth did not materially change these results (Camargo *et al.*, 2011b). A recent birth cohort study of 156 healthy neonates showed an association of vitamin D deficiency with increased risk of RSV LRTIs in the first year of life. Neonates born with 25(OH)D concentrations \<50 nmol/l had a sixfold (95 % CI = 1.6-24.9; *P* = 0.01) increased risk of RSV LRTI in the first year of life compared with those with 25(OH)D concentrations ≥75 nmol/l (Belderbos *et al.*, 2011). Similarly, in a population based mother-child cohort study there was a trend of independent association between higher levels of maternal circulating 25(OH)D in pregnancy and decreased odds of LRTIs in offspring (for cohort- and season-specific quartile Q4 vs. Q1, OR: 0.67 (95 % CI = 0.50-0.90); test for trend, *P* = 0.016). No association was found between 25(OH)D levels in pregnancy and risk of wheezing at age 1 year or 4 years, or asthma at age 4--6 years (Morales *et al.*, 2012).

Case--control studies {#Sec001611}
---------------------

Nutritional rickets due in part to vitamin D deficiency is a major health problem in developing countries. It is associated with respiratory muscle weakness and increased risk of respiratory infections. The first association of sub-clinical nutritional rickets to respiratory infections was observed in a case--control trial among Indian children (3--12 years) with multiple episodes of respiratory infections. Administration of oral vitamin D, 60,000 IU/wk and 650 mg of calcium/d for 6 weeks decreased the incidence of respiratory infections in the test population (Rehman, [@CR001665]). Similarly in a case--control study, 13-fold higher incidence of nutritional rickets was observed among toddlers (\<5 years) with pneumonia than among controls (OR = 13.37; *P* \< 0.001) (Muhe *et al.*, 1997). More recently, significant associations have been identified with non-rachitic vitamin D levels and respiratory tract infections suggesting that vitamin D insufficiency is enough to trigger respiratory infection rather than a secondary manifestation of acute deficiency typically leading to nutritional rickets.

In a hospital-based case--control study of non-rachitic Indian children age 2--60 months, serum 25(OH)D levels of \<22 nmol/l had more than 10-fold higher odds of acquiring severe acute LRTIs (OR: 0.09; *P* \< 0.001) (Wayse *et al.*, [@CR001662]), and in a similar study design in rural Bangladesh, 25(OH)D levels in children (1--18 months) hospitalized with acute lower respiratory infections (ALRIs) were significantly lower (29.1 nmol/l) than case matched controls (39.1 nmol/l). The unadjusted odds ratio of ALRIs was halved for each 10 nmol/l increase in 25(OH)D (OR = 0.53; 95 % CI = 0.3, 0.96) (Roth *et al.*, 2010). Furthermore, in a neonatal case--control study of ALRIs in Turkey, mean serum level of 25(OH)D was 22.7 ± 22.2 nmol/l compared to age-matched control levels, 40.6 ± 33.6 nmol/l (*P* = 0.011) and corresponding 25(OH)D levels in mothers of the study group were lower than those in the mothers of the control group (33.4 ± 42 nmol/l and 57 ± 42.3 nmol/l respectively; *P* = 0.012). These findings suggest that newborns with subclinical vitamin D deficiency may have an increased risk of suffering from acute lower respiratory infection and the strong positive correlation between newborns and mothers 25(OH)D concentrations shows that adequate vitamin D supplementation of mothers should be emphasized during pregnancy (Karatekin *et al.*, [@CR001659]).

In contrast, two case--control studies in Canadian children did not reveal an association between vitamin D deficiency and respiratory infections as virtually all children consumed vitamin D fortified infant formula or supplements (Roth *et al.*, [@CR001666]). While no difference was observed in vitamin D levels between the entire acute lower respiratory infection group and control group, approximately 50 % of the patients admitted to the pediatric intensive care unit were vitamin D deficient (\<50 nmol/l) compared to only 20 % on the general medical floor (OR: 8.23; 95 % CI: 1.4, 48.0; *P* = 0.02) suggesting that low levels of vitamin D predispose to greater acute LRTI severity (McNally *et al.*, [@CR001682]).

Interventional trials {#Sec001612}
---------------------

Published data from randomized control clinical trials to evaluate the effects of vitamin D on reducing RTIs in children are limited. Despite mixed results because of study design, lack of measurement of 25(OH)D serum levels and poor compliance, four studies have shown potential for vitamin D intervention to help control respiratory tract infections in the adult population (Aloia and Li-Ng, [@CR00162]; Avenell *et al.*, [@CR001612]; Laaksi *et al.*, 2007; Li-Ng *et al.*, 2009).

A supplementation of vitamin D (1,200 IU/d) for four winter months among 334 schoolchildren in Japan showed a reduction in influenza A (10.8 %) children in the vitamin D group compared with (18.6 %) children in the placebo group \[relative risk (RR), 0.58; 95 % CI: 0.34, 0.99; *P* = 0.04\]. In a sub-group analysis significant reductions of influenza A were more prominent in children taking additional vitamin D supplements (RR 0.36; 95 % CI: 0.17-0.78). The study, however, lacked measurements of serum 25(OH)D and serum antibody concentrations to influenza A (Urashima *et al.*, [@CR001667]). A current search of the ClinicalTrials.gov database lists the Vitamin D Outcomes and Interventions In Toddlers (DO IT Trial: NCT01419262, Primary Outcome: Respiratory Infection) and Maternal Vitamin D Supplementation to Prevent Childhood Asthma (VDAART Trial: NCT00920621, Secondary Outcome: LRTIs in the first 3 years of life) as ongoing trials to evaluate the effects of vitamin D on reducing RTIs in infants and toddlers. The gestational supplementation of 4,000 IU/d in the VDAART trial is noted as a recent trial on evaluating clinical safety and effectiveness of vitamin D supplementation during pregnancy concluded that supplementation of 4,000 IU/d is safe and most effective in achieving sufficiency in all women and their neonates regardless of race (Hollis *et al.*, 2011).

Summary and conclusion {#Sec001613}
======================

We have presented what we believe is compelling evidence of a global problem of poor vitamin D status experienced *in utero* and perinatally; and even more critical, is the evidence showing the association of vitamin D deficiency during this dynamic period of development with increased morbidity and mortality risks from respiratory infections. Worldwide recognition of this problem is growing and this awareness is stimulating changes in dietary guidelines (Table [16.1](#Tab00161){ref-type="table"}), as well as advice on safe sun exposure (Godar *et al.*, 2012) and strategies for national fortification policies (Babu and Calvo, [@CR00166]). Viral and bacterial pneumonia kills more children than any other illness, accounting for 19 per cent of all under five deaths worldwide (UNICEF, [@CR001674]). According to the 2006 UNICEF/WHO report, an estimated 26 % of neonatal deaths are caused by severe infections during the neonatal period, the majority of which are caused by pneumonia/sepsis. Undernutriton, which includes vitamin D insufficiency/deficiency, has been implicated in 53 % of all deaths among children under five (UNICEF, [@CR001674]). If vitamin D intervention currently under study in the clinical trials described in this chapter is proven successful, then implementation of new fortification practices, revised guidelines for healthy sun exposure and public health programs for vitamin D supplementation of pregnant/lactating women and their infants may be effective strategies to aid in preventing neonates and children under five from developing respiratory infections. Globally, there is potential to save more than a million young lives with preventive treatment, a compelling reason why the efficacy of optimizing vitamin D-mediated defense against respiratory pathogens in infants and children merits further study.

Disclaimer {#Sec001614}
==========

The findings and conclusions presented in this review are those of the authors and do not necessarily represent the views, opinions or policies of the US Food and Drug Administration.

Key facts {#Sec001615}
=========

Vitamin D deficiency is a result of inadequate sun exposure and/or poor dietary intake.This chapter addresses the global high prevalence of vitamin D deficiency among women of childbearing age and infants and toddlers.Vitamin D status (nutritional and sun exposure) is assessed by measuring the transport form of vitamin D, 25-hydroxyvitamin D (25(OH)D).Active hormonal form is synthesized in most tissues from 25(OH)D.Vitamin D status is associated with immune development and lung function.Clinical trials are needed to establish the link between vitamin D deficiency and susceptibility to respiratory tract infections.

Summary points {#Sec001616}
==============

Vitamin D status of mothers and infants is poorest in darker skinned individuals, particularly those living in Northern latitudes.The poorest vitamin D status occurs in exclusively breast fed infants who are not supplemented with vitamin D. In contrast, formula fed infants have lower prevalence of vitamin D deficiency; however, older toddlers have limited access to vitamin D-rich foods.Children with Fitzpatrick skin types II to IV, in the northern and southern United States can only achieve a minimum amount of vitamin D from sun exposure during the summer months if they do not wear sunscreen at all except during beach vacations. Dark-skinned (skin types ≥ V), children fall short of achieving their needs for vitamin D from sun exposure year round.*In vivo* animal and *in vitro* models provide evidence that vitamin D deficiency *in utero* is associated with altered lung development and immune functions, and increasing postnatal susceptibility to respiratory infections.Adequate vitamin D is critical for the production of anti-microbial peptides such as cathelicidin and Beta-defensins that are key protective mechanisms in preventing respiratory infections in children under five years of age.Clinical trials are currently underway to determine if vitamin D supplementation reduces respiratory tract infections in infants and toddlers and during gestation in supplemented pregnant or lactating mothers.
